Erythrogenic toxin B, also known as streptococcal pyrogenic exotoxin B (SPE B), is one of several extracellular products produced by the group A streptococcus, Streptococcus pyogenes. In 1983, Gerlach et al. recognized that SPE B was immunologically identical to another extracellular product referred to as streptococcal proteinase (6) . Subsequent studies have confirmed that the proteins previously referred to as SPE B and streptococcal proteinase are identical (1, 7, 16, 17) . In contrast to the bacteriophage-associated speA and speC genes, SPE B is chromosomally encoded and all strains of S. pyogenes have the gene (22) . The nucleotide sequence of speB has been determined and predicts a 371-amino-acid protein with a calculated molecular weight of 40,314 (7) . The protein is secreted as a zymogen and is activated by proteolysis and reduction to form a sulfhydryl protease with a predicted molecular weight of 27,588 (5, 7, 15) . SPE B is the major extracellular product produced by S. pyogenes NZ131 in vitro, yet little is known about the regulation of its production. In this study, the production of SPE B under various growth conditions was examined. The results suggest that SPE B production is part of an adaptive response to nutrient-poor environments and thus may be important in the survival of the organism during periods of nutritional stress.
Bacterial strains, growth conditions, and assays. S. pyogenes NZ131 was obtained from D. R. Martin, New Zealand Communicable Disease Center, Porirua, New Zealand. An isogenic derivative (NZ131 speB mutant) in which the speB gene was specifically inactivated has been previously described (1) . S. pyogenes was grown at 37ЊC in dialyzed Todd-Hewitt broth medium with or without 0.2% yeast extract (THY-D and TH-D, respectively). The broth was dialyzed to reduce the amount of protein and other macromolecules in the medium which could compete with SPE B for adsorption to microtiter plates (8) . Two methods which differed primarily in the size of the culture were used to grow S. pyogenes. (i) Overnight broth cultures of S. pyogenes were diluted (1:50 [vol/vol]) in 100 ml of fresh broth and grown at 37ЊC in a stirred fermentation vessel. Following centrifugation to pellet cells, the supernatant fluid was filter sterilized. SPE B was not detected in the spent broth by immunoblotting. An enzyme-linked immunosorbent assay was used to quantitate extracellular SPE B in broth culture supernatant fluid as described previously (2) . The concentration of glucose in broth medium was determined by use of a glucose oxidase kit (Sigma). A plate assay was used to detect streptokinase (SKA) activity in broth culture supernatant fluid as described previously (9) .
S. pyogenes NZ131 was grown in 5 ml of THY-D broth at 37ЊC with moderate shaking. At 1-h intervals, the cell density was estimated by determining the A 600 and aliquots were removed to determine the concentration of SPE B and to detect SKA activity in the broth culture supernatant fluid. SKA has been reported to be constitutively expressed and was used as a control. After an initial lag period, SKA activity was detected throughout the growth of the culture (Fig. 1) . In contrast, SPE B was detected only after the culture entered the stationary phase of growth (Fig. 1) . Similar results were obtained with a stirred fermentation vessel or with TH-D broth medium.
To determine if the production of SPE B during the stationary phase correlated with the depletion of nutrients, the relationship between the concentration of glucose in the broth medium and SPE B production was analyzed. Two stirred fermentation vessels containing 100 ml of TH-D were used to grow S. pyogenes NZ131 at 37ЊC. In one vessel, the concentration of glucose in the broth medium was maintained at approximately 50 mg/dl by the addition of 1.11 M glucose; as a control, a second vessel was similarly treated with 0.55 M NaCl. The 0.55 M NaCl solution was approximately iso-osmotic compared to the 1.11 M glucose solution and was used to deter-mine if an increase in the osmotic pressure of the broth medium affected SPE B production. Aliquots were removed throughout the growth of the cultures, and the concentrations of glucose and SPE B in culture supernatant fluid were determined. The growth of the two cultures was similar ( Fig. 2A ). In the control culture, SPE B was detected shortly after the culture entered the stationary phase and production coincided with the depletion of glucose from the medium (Fig. 2B) . In contrast, when the concentration of glucose in the medium was maintained, SPE B production was inhibited during the stationary phase (Fig. 2C) . Similar results were obtained with THY-D broth medium.
To determine if the inhibition of SPE B production was specific to the availability of glucose, the effect of adding alternative carbon sources on SPE B production was examined. Broth cultures of S. pyogenes NZ131 were grown in stirred fermentation vessels. After approximately 5 h of incubation (during the exponential phase), 5 ml of one of the following solutions was added to the broth cultures: (a) 1% (wt/vol) Casamino Acids and 1% (wt/vol) neopeptone, (b) 1.11 M glucose, and (c) 0.55 M NaCl. The A 600 of the cultures at the time of nutrient addition was 0.35 for the NaCl-infused culture, 0.41 for the culture infused with Casamino Acids and neopeptone, and 0.30 for the glucose-infused culture. Following addition of these potential carbon and nitrogen sources, the samples were incubated at 37ЊC for an additional 8 h. SPE B was detected in the NaCl-infused culture supernatant fluid shortly after the culture entered the stationary phase (Fig. 3) . Addition of a solution containing Casamino Acids and neopeptone inhibited the production of SPE B in the stationary phase by approximately 40% compared to the NaCl-infused culture based on a comparison of the average amount of SPE B present in samples removed during the stationary phase of growth (0.95 U of SPE B for the NaCl-infused culture and 0.57 U of SPE B for the Casamino Acids-and neopeptone-infused culture) (Fig. 3) . The addition of glucose inhibited SPE B production by approximately 70% (0.29 U of SPE B) compared to the NaCl-infused control culture (0.95 U of SPE B) based on a similar comparison of the average amount of SPE B in samples removed during the stationary phase of growth (Fig. 3) . In similar experiments, the addition of 5 ml of 1.11 M galactose also inhibited SPE B production in the stationary phase, similar to the inhibition observed when glucose was added to the culture (data not shown). These results indicate that SPE B production is inhibited by the availability of various rapidly metabolizable nutrients in the medium including glucose, galactose, and Casamino Acids and neopeptone.
To determine if SPE B was produced solely in response to the depletion of nutrients, the production of SPE B in spent broth was examined. Exponentially growing broth cultures of S. pyogenes NZ131 were centrifuged to pellet the cells, and the cells were washed with spent broth and then resuspended in one of the following solutions: THY-D medium, THY-D spent medium, THY-D spent medium containing 0.2% glucose, THY-D spent medium containing 0.02% glucose, and THY-D spent medium containing 0.002% glucose. Glucose was added to spent medium to determine if some form of glucose metab- 
FIG. 2.
The effect of glucose availability on SPE B production. The cell density was estimated by A 600 of both the culture in which the glucose concentration was maintained (Ç) and the control culture similarly treated with NaCl (E) (A). Throughout the incubation period, aliquots were removed and the concentrations of glucose and SPE B in the supernatant fluid were determined for both the control culture (B) and the culture in which the concentration of glucose was maintained (C).
olism was necessary to induce SPE B, since initial results indicated that SPE B was not produced by exponential-phase cells resuspended in spent medium. Following resuspension, the cultures were incubated at 37ЊC for 22 h, during which time samples were regularly removed to determine the A 600 and the concentration of SPE B in supernatant fluid. After resuspension in rich THY-D medium, growth resumed and SPE B was produced shortly after the culture entered the stationary phase (Fig. 4) . In contrast, exponential-phase cells resuspended in spent medium did not grow, nor was SPE B produced, even after 22 h of incubation (Fig. 4) . Similar results were obtained when exponential-phase cells were resuspended in spent broth containing 0.002% glucose (Fig. 4) . The addition of 0.02 and 0.2% glucose to spent medium facilitated a small increase in the optical density of the cultures which correlated with the concentration of glucose. SPE B was not detected in cells resuspended in spent medium containing 0.02% glucose, nor was a significant amount of SPE B detected in supernatant fluid from spent medium containing 0.2% glucose. The small amount of SPE B in samples from spent medium containing 0.2% glucose does not appear to be significant given the variation inherent in the assay. In addition, significant levels of SPE B were not detected in similar samples when the experiment was repeated. In general, these results suggest that SPE B production is not induced by the accumulation of metabolites or autoinducers in the medium, although it remains formally possible that such a compound exists but that its activity is labile. Although SPE B production is inhibited by the presence of simple carbon sources such as glucose, galactose, and Casamino Acids and neopeptone, the absence of these nutrients in spent medium was not sufficient to induce SPE B production. Therefore, SPE B production in the stationary phase appears to require an additional, temporal factor which may be formed during growth but does not appear to result solely from glucose metabolism. In this regard, it was noticed that the addition of glucose and other nutrients to the medium late in the exponential phase of growth did not inhibit station- ary-phase production of SPE B, in contrast to the results obtained when these nutrients were added near the mid-exponential phase of growth. This observation suggests that the temporal factor involved in the regulation of SPE B production may be formed late in the exponential phase of growth.
The results obtained in this study are at variance with those previously reported by Cohen (3) . In the latter study, the proteolytic activity was enhanced during culture with a high glucose concentration (1%) and inhibited with a low concentration of glucose (0.25%). A possible explanation for the disparity is that the previous study measured only the enzymatic activity of SPE B, whereas the concentrations of both the SPE B zymogen and the proteolytic form of SPE B were measured in this study. Since proteolytic activation of the SPE B zymogen is most efficient at an acidic pH, the increased acidity produced by growth in 1% glucose compared to growth in 0.25% glucose may have resulted in an increased efficiency of proteolytic activation and not regulation of zymogen production.
Previous studies have shown that the addition of glucose to the culture medium decreases the production of several extracellular proteins produced by Staphylococcus aureus including staphylococcal enterotoxins A, B, and C (4, 10, 11). Furthermore, the availability of glucose in the medium decreased the expression of the accessory gene regulator, a positive regulatory factor involved in the production of several extracellular products produced by S. aureus (19) . In addition to extracellular products, the presence of easily metabolizable compounds including glucose and amino acids in the medium has also been shown to inhibit the expression of the dipeptide transport operon dpp of Bacillus subtilis (20) . The molecular mechanism by which glucose causes repression of these various proteins is not well understood. However, the mechanism appears to differ from that of the relatively well-characterized catabolite repression in Escherichia coli which is mediated by cyclic AMP (10, 21) . The results from the current study suggest that the regulation of SPE B production in S. pyogenes NZ131 may be similar to the regulation of stationary-phase proteins produced by other gram-positive bacteria.
The regulation of SPE B production by both the availability of rapidly metabolizable carbon sources and a temporal factor indicates that SPE B may be important under conditions of nutritional stress. During starvation, the secretion of SPE B may facilitate the acquisition of peptides by S. pyogenes following the degradation of host proteins for use as carbon and nitrogen sources. Previous studies have shown that SPE B is capable of cleaving several human host proteins, including interleukin-1␤ and fibronectin, at specific sites (12, 13) . In addition, purified SPE B has been shown to degrade vitronectin, although it remains to be determined if the peptide products are subsequently transported to the cytoplasm of S. pyogenes (13). Podbielski et al. have recently identified an oligopeptide permease system (Opps) in S. pyogenes CS101 (18) . A homologous oligopeptide permease-transport system of Lactococcus lactis has been shown to be involved in a number of processes including the transport of peptides produced by the extracellular proteinase PrtP (14) . Interestingly, SPE B caseinolytic activity was not detected in OppDF Ϫ mutants of S. pyogenes CS101 (18) . Thus, starvation of S. pyogenes during infection may result in the production of SPE B and subsequent degradation of host proteins for metabolism. In addition, host cell protein degradation may facilitate invasion by S. pyogenes of nutrient-rich environments and dissemination of streptococcal infections within its human host.
